ABSTRACT A method of detecting brain neural activity with the microwave transmission technology is presented in this paper. This method is based on the fact that the dielectric properties of brain functional site vary with the electrophysiological neural activity. The analysis of the uniform plane wave propagation of dynamic layered medium shows that the phase change of transmission coefficient (S-parameters) is consistent with the variation frequency of permittivity in the dynamic dielectric layer. A 3D head model was introduced to assign dynamic dielectric properties to the cerebral cortex by embedding a tissue piece in this head model. A six-element horn antenna array around the head model was designed, and two types of brain activity at various locations (visual cortex and auditory cortex) inside the head model has been discussed. The simulation results of microwave scattering in different directions show that forward scattering has better applicability. The frequency of the permittivity variation associated with the brain neuronal activity (10 Hz, 20 Hz) can be extracted from the phase variation on S-parameters. In addition, the specific absorption rate analysis ensures the safety of using the microwave in the design of human head detection systems.
I. INTRODUCTION
The detection and imaging of neuronal activities in brain has tremendous applications. Several techniques have been developed for such applications, including Electro-encephalography (EEG), Magnetoencephalography (MEG), functional magnetic resonance imaging (fMRI), opto-encephalography (OEG) and Intersectional Short Pulse (ISP) [1] - [4] . However, some of these applications involve ionizing radiation exposure and some are invasive detection methods. In recent years, microwave detection technology has emerged as a promising modality [5] , [6] . An available approach has been provided by adopting microwave technology of head imaging to detect brain injuries and differentiate hemorrhagic from ischemic stroke in acute stroke patients [7] - [9] . In addition, different strategies have been developed for the modulation of brain function by non-invasive electrical stimulation [10] , [11] . In similar concepts, microwave-based radiometry has been studied for dielectric measurement and temperature monitoring of biological tissues, the multifrequency microwave radiometer provides an accurate and sensitive estimate for clinical monitoring of deep brain temperature profile [12] , [13] . Recently, the application of microwave in detection of neuronal activity has been implemented [14] . These studies provide the possibility of detecting brain activity by using microwave technology.
In this paper, a microwave transmission method is proposed, which is based on the dynamic properties of dielectric at the brain functional site, to detect brain activity. It is a non-invasive strategy for brain neural activity at depth. The phase of the electromagnetic wave propagating through the brain functional site varies with the dynamic dielectric, and the frequency of the dielectric permittivity variation can be extracted from the phase variation of transmission coefficient.
II. THE RELATION OF FIELD QUANTITY IN LAYERED DYNAMIC MEDIUM
Electric fields generated by the neuron itself or applied externally can affect the transmembrane potential of the neuron, and consequently affect the probability of occurrence of action potential [15] , [16] . The extracellular fluid surrounding the neurons at functional site in the brain is a typical dielectric of ionic polarization [17] . The permittivity of the dielectric varies with the ion concentration of the extracellular fluid surrounding neurons in activation when the brainwaves are generated [18] . To deduce the relation between the transmission phase of electromagnetic wave and the dynamic dielectric properties, a three-layer simplified plane transmission model is adopted. The intermediate layer is a dynamic dielectric (ε 2 (t) , σ, µ 0 ) which complex permittivity ε 2 (t) varies with time and the permeability is µ 0 . For the convenience of research, the conductivity σ is set to a constant. Both sides are ordinary lossy media (ε 1 , σ, µ 0 ) with the same electrical parameters as shown in Fig. 1 . Uniform plane wave can be decomposed into the superposition of TE wave and TM wave. Consider the TE wave normally incident from medium 1 through a plane boundary into medium 2. The fields of incident waves in medium 1 are given by [19] 
where
denote the propagation constant of plane wave in media 1, η 1 = √ µ 0 /ε 1 denote the wave impedances of media 1; ε 1 = ε 0 · ε r − jσ/ω denote the complex permittivity; ε 0 denote the dielectric constant in vacuum; ε r denote the relative permittivity; ω = 2πf 0 , and f 0 (3 GHz) denote the operating frequency.
The composed fields in medium 1 are given by the combination of the incident and the reflected files, and z = 0 is selected as the reference plane
where R 12 is the reflection coefficient of the interface. In medium 2, z = d is selected as the reference plane and the composed fields is
where R 23 is the reflection coefficient of the interface z = d, T 12 e jk 2 d is the transmission coefficient of the interface z = 0. As a functional brain site has activity, the activation of the neurons (synchronised at a frequency) periodically varies the ion concentration in the volume of the extracellular fluid and the permittivity of the medium varies correspondingly [18] . Therefore, we added periodic rhythmic changes to the average permittivity of the brain tissue (ε r = 48 at 3 GHz). The complex permittivity ε 2 (t) = ε 0 · ε r (t) − jσ/ω in the medium 2 is a time-variant parameter, and its expression is set as follows
where 48 is the average relative permittivity of brain tissue at 3 GHz, f i (5 Hz, 15 Hz) denote the frequency of permittivity variation of the dynamic dielectric;
The fields in medium 3 are transmitted fields only, z = d is selected as the reference plane
where T 23 is the transmission coefficient of the interface z = d. As the media on both sides are the same, we have the propagation constant k 3 = k 1 , and the wave impedances
On the boundary of the two media, both the tangential component of the composed electric field and the tangential component of the composed magnetic fields must be continuous at the boundary z = d. The boundary equations are given by (11) from (10) and (11), we get
Similarly, at the boundary of the medium 1 and the medium 2, we get
where η d denote the equivalent wave impedance at z = 0. Aiming at the influence of the dynamic dielectric layer on the transmission process, the reflection coefficient is defined as
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The transmission coefficient is defined as
The transmitted and backscattered signals are calculated by finding out the solution of the above equations using the Matlab programming. For the limited range of ε 2 (t), the relationship between ε 2 (t) and transmission phase-ϕ can be expressed as (d = 2cm)
where ϕ r is a complex function of ε 2 (t) and d. Similarly, S 21 can be approximated as
where ϕ t can be rewritten as −Re{k 2 }d The amplitude of the transmitted phase within 1s is defined as Forward scattered:
According to the above analysis, the phase ϕ r of reflection coefficient S 11 and the phase ϕ t of transmission coefficient S 21 can be expressed as a function of complex permittivity ε 2 (t) and thickness d. Moreover, since a singlefrequency microwave transmission method is adopted in this work, the frequency dependency is neglected in the analysis processes.
The cases of f i = 5 Hz and f i = 15 Hz are discussed. Fig. 2(a) , (e) and 2(c), (g) show the time domain distribution of phase calculated by backscattered method and forward scattered method respectively. It is shown that the dynamic properties of the dielectric layer cause changes in the transmission phase. Fig. 2(b) , (f) and 2(d), (h) show that the spectral curve has a peak which is equal to the frequency f i of permittivity variation at the dynamic layer. The results show that there is a corresponding relationship between the transmission phase and the change of permittivity. That is, they have the same characteristic frequency.
Refer to (14) , (15) and (17), it can be seen that ϕ r presents fluctuation with the increase of dynamic layer thickness which affected by the tan-function and η d , and ϕ t affected by exponential factor −jk 2 d increases linearly with dynamic layer thickness. Fig. 3 shows the effect of different thicknesses of dynamic dielectric layer and frequency on the phase of transmission which is consistent with the above analysis. The phase calculated by forward scattering method has a larger fluctuation range. Therefore, forward scattering is considered to have better performance and applicability. Simulation results also show that microwave operating at 3 GHz can effectively penetrate the brain and provide good spatial resolution. 
III. METHODS AND RESULTS
In this section, the process on simulation is described and the performance of different microwave scattering methods are compared. We use a 3D human head model which is derived from software COMSOL Multiphysics (M. Levoy, MRI data originally from University of North Carolina). The original model is a homogeneous human head model consisting of a single material. Considering the complex physiological structure of the brain, a 2-layer model was constructed based on the original model, one of which is the skull and the rest is the brain tissue to avoid heavy computation tasks. This head model is assigned average dielectric properties of brain tissue.
A. SIMULATION OF BRAIN FUNCTION IN DIFFERENT POSITIONS IN HUMAN HEAD MODEL
The propagation characteristics of electromagnetic wave in dynamic media are simulated and verified in electromagnetic simulation software FEKO which is based on the method of moments (MoM). The MoM mesh setting for this example utilizing the integral equations method in the frequency domain is: number of triangles: 17656, mesh size: 0.02λ (cortex), 0.07λ (skull and brain tissue). Brainwaves are spontaneous rhythmic nerve electrical activities whose frequency varies from 1 to 30 times per second, and it can be divided into four bands, namely δ-wave (0.1-3 Hz), θ -wave (4-7 Hz), α-wave (8-12 Hz), β-wave (13-40 Hz) [20] . The relative permittivity of the dynamic dielectric (visual cortex f i = 20 Hz, auditory cortex f i = 10 Hz) in the brain functional site is ε r (t) = 48 + 3 sin (2π f i t). Here, t is the duration of the change in permittivity, f i represents the rhythm of neural activity in the brain functional site. The sampling time is set to 1 second and the step size is t = 0.01 seconds. As shown in Fig. 4 , six-element horn antenna array are distributed around the head model with equal distance. Antenna 1 is used as the transmitter, and antenna 1, 2, 3, 4,5 and 6 are respectively used for receiving. The phase differences in scattered electric field signals at antenna locations are used to indicate the presence of brain activity. The characteristic frequency is extracted by FFT based on the amount of changes in the received S-parameters phase information. Here, the auditory cortex and the visual cortex are used as research objects. The material properties of the head model are shown in Table 1 .
1) SIMULATION OF NEURAL ACTIVITY IN VISUAL CORTEX
The visual cortex of the brain is a part of the cerebral cortex that processes visual information. It is located in the occipital lobe. To emulate the neural activity of the visual cortex, a strip tissue with the dynamic dielectric properties is inserted inside the head model as shown in Fig. 4(a) [22] . The simulation results of phase variation in time domain and its spectrum distribution are shown in Fig. 5 . Because of the difference of transmission path, the second harmonic component of backscattering is larger than its own characteristic frequency. However, forward scattering has a high concentration of spectrum. The spectrogram shows that the frequency of the phase change of the receiving antenna at different positions is concentrated at 20 Hz which is consistent with the characteristic frequency f i of the permittivity variation of dynamic dielectric of the functional site. By comparing different scattering cases, the phase information received by antennas contains higher harmonic and spurious frequencies. There is no linear relationship between the complex permittivity ε and the phase function ϕ.
The ranges of normalized phase change and spectrum evaluated at different receiving antennas of the visual cortex are provided in Table 2 . The normalized phase of S 41 varies from −8.216×10 −3 to 8.636×10 −3 degree over time with the highest spectral component at 20 Hz.
2) SIMULATION OF NEURAL ACTIVITY IN AUDITORY CORTEX
The auditory cortex is the part of the temporal lobe that processes auditory information in humans. It is located bilaterally, roughly at the upper sides of the temporal lobes as shown in Fig. 4(b) [22] . The simulation results of phase variation in time domain and frequency domain are shown in Fig. 6 . There is a peak frequency at 10 Hz in the spectrum. It indicated that the neural activity in different locations can be detected by microwave transmission. The ranges of normalized phase change and spectrum evaluated at different receiving antennas of the auditory cortex are provided in Table 3 . The normalized phase of S 31 varies from −1.942×10 −2 to 1.965×10 −2 degree over time with the highest spectral component at 10 Hz. Therefore, forward scattering has better performance when the functional site is located between a set of transmit and receive antennas.
B. SPECIFIC ABSORPTION RATE ANALYSIS
Specific absorption rate (SAR) is a measure of the rate at which energy is absorbed by the human body when exposed to a radio frequency (RF) electromagnetic field. It is defined as the power absorbed per mass of tissue and has units of watts per kilogram. SAR for electromagnetic energy can be calculated from the electric field within the tissue as
where E denote the electric field, ρ express the density of body tissue. According to the IEEE standard of safety levels (C95.1-2005) [23] and European Committee for Electrotechnical Standardization (CENELEC) for the RF energy emitted by mobile devices [24] , an average SAR value below 2 W/kg over 10 g of tissue is reported as a safety limit. To examine the ionization effects of MW signals to a human head, we have selected No.1 of the above horn antenna array as the transmitting antenna, and operated at the 3 GHz frequency with 10 mW transmitted power. The peak SAR values of 0.108 W/kg were reported. Fig. 7(b) shows that the energy of the electric field is reduced from 44.34 V/m to 8.84 V/m at the skull (at −11cm on the reference line). It shows that most of the energy is reflected and absorbed by the skull near the antenna side. These values are far below the suggested limit, thus guaranteeing the safe usage of a microwave head-transmitting system.
IV. CONCLUSION
This study provides the application of microwave transmission technology in the detection of brain activity. The propagation of uniform plane wave in a three-layer dynamic medium demonstrates the relationship between the change of permittivity and the transmission phase. Simulations in a 3D head model suggests that brain activity at different locations can be indicated by the information of phase change obtained from the receiving antenna. The phase changes of S-parameters are consistent with the frequency of the dynamic permittivity in the activation area. Comparison analysis emphasizes that these differences vary with the type and location of brain activity. 
